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ABSTRACT

Background: Athletes that have had anterior cruciate ligament (ACL) reconstruction are at a greater risk for reinjury. The
relationship between ACL reconstruction and the dynamic postural sway index (DPSI) has not yet been examined.

Hypothesis/Purpose: The purpose of this study was to examine the DPSI in a surgically reconstructed ACL limb compared
to the uninjured leg in athletes that had been cleared for sport. It was hypothesized that in a bilateral limb comparison, the
leg that underwent ACL reconstruction would demonstrate poorer postural stability measures (greater DPSI) during a single
leg landing activity as compared to the non-surgical limb.

Design: Case-control study.

Methods: 14 subjects (7 male, 7 female; age range 16-23 years) with a history of unilateral ACL reconstruction and clearance
for return to sport (mean 14 months post-operatively, range 8 to 24 months) performed five single leg hops over a 12 inch
hurdle in the anterior direction from a distance corresponding with 40% of their height, onto a force platform. DPSI for the
medial-lateral, anterior-posterior, vertical directions and a composite score were calculated for each trial on the surgical and
non-surgical legs. A multivariate analysis with repeated measures was used to compare surgical and non-surgical legs for the
total DPSI measure as well as for each component.

Results: Significant differences (p < .05) in dynamic postural stability were observed in the medial-lateral, anterior-poste-
rior, vertical indices and DPSI total between the surgical and non-surgical limb.

Conclusion: Deficits in dynamic postural control persist in ACL-reconstructed limbs compared to the non-surgical limb
after the clearance for full activity. Clinicians should consider assessing single limb dynamic stability prior to releasing the
athlete back to full activity.

Level of evidence: Level 3
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INTRODUCTION

Athletes that have sustained a tear to the anterior
cruciate ligament (ACL) and return to sport after sur-
gical reconstruction appear to be at a greater risk for
ACL re-injury. The recurrence rate for a second ACL
tear has been estimated to be between 6-25% within
five years following reconstruction, with nearly 50%
occurring in the contralateral limb, the majority as
non-contact injuries.! Factors such as altered knee
proprioception, decreased lower extremity strength,
poor neuromuscular control, performance flaws in
the biomechanics of landing, poor postural stability
and fear avoidance beliefs have all been implicated
in this greater risk of re-injury.*™"

In a clinical setting, postural stability is often deter-
mined statically as the athlete attempts to maintain
their center of mass over a stationary base of sup-
port by comparing the amount of time that the indi-
vidual can maintain their balance on their injured
vs. non-injured limb.'? This is used to assess lower
extremity proprioceptive deficits. These measures
are often incorporated in school and clinical settings
because of the relative ease in which they can be
administered and interpreted without sophisticated
equipment. However, static postural stability mea-
sures alone have been described as insensitive, non-
functional, and poorly related to dynamic values.!*¢
Alternatively, a measure that requires the individual
to maintain their center of gravity over a base of sup-
port when moving or when an external perturbation
is applied to the body may be a more challenging and
sensitive method to assess changes in the limb’s pro-
prioceptive capabilities. Paterno et al.’ reported defi-
cits in dynamic postural stability that were predictive
of a second ACL injury in surgically reconstructed
participants using a Balance system with a moveable
platform. However, since the majority of injuries to
the ACL are non-contact and are often associated
with more dynamic activities such landing, cutting
or deceleration, it may be of greater value to assess
postural stability during activities that are dynamic
and more closely mimic the athletic activity.

Two methods are often used in measuring dynamic
lower extremity postural control. The Dynamic Pos-
tural Sway Index (DPSI) measures limb stability using
a single leg hop test onto a force plate. The DPSI is a
highly reliable assessment (ICC = 0.96) and provides

a composite score of anterior-posterior, medial-lat-
eral, and vertical stability indices bases on the ground
reaction forces."” This metric was developed with
the underlying premise that dynamic postural sta-
bility largely depends on lower extremity kinemat-
ics, muscle activation and eccentric control utilized
in landing."” Time to Stabilization (TTS) is another
dynamic postural stability measure with good reli-
ability that has been used to assess landing activities
(ICC=.65-.79)."° TTS is defined as the time required to
minimize resultant ground reaction forces of a jump
landing to within a range of the baseline, or static
ground reaction force. TTS also provides information
on directional forces occurring during landing (ante-
rior-posterior, medial-lateral, and vertical), however
the TTS methods utilize no composite score which
may preclude observations regarding global changes
in dynamic limb stability.!” DPSI is considered a more
reliable and precise measure of dynamic postural sta-
bility than TTS during a single leg hop activity."”

To date, no previous studies have evaluated postural
stability in the ACL reconstructed population using
DPSI methods. It is hypothesized that in a bilateral
limb comparison, the leg that underwent ACL recon-
struction would demonstrate poorer postural stability
measures (greater DPSI) during a single leg landing
activity as compared to the non-surgical limb.

METHODS

Subjects

All subjects or their parents provided their signed
informed consent prior to participation approved by
the university institutional review board. Fourteen
subjects were recruited from the local area into the
ACL reconstructed (ACLR) group each had received
their surgical intervention within the prior two years
and having received full clearance for athletic activ-
ity by their physician and physical therapist. All had
some physical therapy intervention after surgery but
all did not use the same surgeon nor therapist for treat-
ment. Subjects were excluded from the study if they
were experiencing any lower extremity or back pain.

Procedures

Upon arrival to the laboratory, anthropometric data were
collected including height, weight, and activity level. All
subjects were issued standardized footwear (625 New
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Figure 1. Dynamic postural control index is calculated based on the performer hopping with both legs over a 12" barrier and

landing on one leg with either their surgical or non-surgical limb.

Balance, Boston, MA) and completed a five minute
warm up on a stationary bicycle at a self-selected speed.

The subjects were asked to perform five successful
single landings over a 12 inch hurdle in the anterior
direction (Figure 1) onto a force platform sampled
at 1200 Hz (Bertec Corp, Columbus, OH). The par-
ticipants began from a distance corresponding with
40% of their height to the force platform. They were
allowed to use their arms to propel themselves over
the barrier and assist with obtaining postural control.
Participants were given instructions to place their
hands on their hips immediately following stabiliza-
tion and hold that position for 10 seconds. If the sub-
ject flailed their arms during the terminal stabilization
period, missed the force plate, made contact with the
hurdle, touched the ground with the opposite leg or
jumped with a single leg, the trial was repeated. Five
trials were selected as this number has been shown to
provide excellent reliability during similar single leg
hop tasks for dynamic postural control indices (ICC
= 0.90-0.97)." Prior to data collection, subjects were
allowed as many practice sessions as needed in order
to become familiar with the testing procedure. The
order of the limb tested was randomized.

Analysis

Force data were filtered using a zero-lag fourth order
low pass Butterworth filter with a 20 Hz cutoff fre-
quency. Directional postural stability indices (ML,
AP and vertical) and the composite dynamic postural

stability index (DPSI) were calculated for the five trials
for each leg (surgical and non-surgical). For each condi-
tion, mean postural stability indices of five trials were
exported for statistical analysis. The first three seconds
of the GRF data after impact, defined as the instant
the vertical GRF exceeds 10N, was used to calculate a
postural stability index in the ML, AP, and vertical (V)
directions for each trial using the following root mean
square equations presented by Wikstrom et al.'”

ML PSI = V¥ [(0- GRFx)2/ number of
data points |

AP PSI = ¥ [(0- GRFy)2/ number of
data points |

V PSI = VX [ (body weight- GRFz)2/

number of data points |
where GRFx corresponds to the mediolateral GRF
data, GRFy corresponds to the anteroposterior GRF
data, and GRFz corresponds to the vertical GRF data.

A composite dynamic postural stability index (DPSI)
was calculated using the following equation:

DPSI =V [3(0- GRFx)? + ¥(0- GRFy)2 +
Y(body weight- GRFz)2 / number

of data points|.
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A multivariate analysis with repeated measures was
used to compare between the surgical and non-sur-
gical leg for each DPSI component (ML PSI, AP PSI,
V PSI) as well as the total DPSI with alpha set to 0.05.
Follow up univariate tests (paired t-tests) were then
performed separately on each DPSI component and
total using the Bonferoni procedure.

RESULTS

Group demographics are reported in Table 1. Seven
males and seven females participated in the study.
The mean age of the subjects was 19 years (16-
23), mean height of 171.1+9.0 cm, mean weight of
76.5+18.9 kg and mean Tegner score of 6+2. Six
participants had patellar tendon autografts, seven
participants had hamstring autografts, and one par-
ticipant had a hamstring allograft. The average time
from surgery was approximately 14 months with a
range of 8 to 24 months.

Multivariate analysis showed a difference between
limbs (Wilk’s lambda = .002, p<0.05). Follow up
univariate tests indicated that there were differ-
ences in all directional, dynamic postural stability
indexes between the surgical and non-surgical limb
for each direction as well as for the total score (p
< .05) (Table 2). The indexes were higher on the

surgical side by 24% in the medial-lateral direction,
9% in the anterior-posterior direction, 12% for verti-
cal direction and 12% for the total DPSI.

DISCUSSION

Athletes that have had an ACL reconstruction appear
to demonstrate differences in dynamic postural sta-
bility during a single limb jump-landing activity on
their surgical limb when compared to their non-
surgical limb within two years post-surgery. The
participants in the current study demonstrated dif-
ferences in DPSI total scores as well as all directional
components.

The findings of the present study appear to be similar
to Webster et al.'® who reported deficits in TTS dur-
ing a single leg maximum vertical hop and forward
jump in Division I female athletes who had under-
gone ACL reconstruction compared to uninjured
controls. In their analysis, the ACL reconstructed
group took 0.11 seconds longer to stabilize after a
jump landing as compared to the control group.
These authors reported that their strong effect size
suggested that this difference was clinically impor-
tant and that athletes who have completed their
rehabilitation and are cleared for sport may still lack
the appropriate level of postural stability during a

Table 1. Demographic data for 14 participants

Subject Gender Height Weight Age (years) Months Graft type Tegner
(cm) (kg) since surgery score

1 F 171 62.27 16 12 Hamstring 8

2 F 168 55.45 23 12 Patellar 6
Tendon

3 M 178.5 79.56 17 12 Patellar 1
Tendon

4 M 183.5 100.9 26 12 Patellar 5
Tendon

5 M 167 65.50 19 24 Hamstring 5

6 M 169 77.27 16 8 Hamstring 6

7 F 165 71.26 17 12 Hamstring 8

8 F 165 58.60 19 12 Hamstring 10

9 F 161.5 68.00 16 12 Patellar 7
Tendon

10 F 163.5 58.60 20 18 Patellar 8
Tendon

11 M 184.5 112.72 19 12 Patellar 10
Tendon

12 M 182 106.20 22 24 Hamstring 7
(allograft)

13 F 157 65.00 19 12 Hamstring 6

14 M 180 90 18 13 Hamstring 6

Gender: F=female, M=male. Graft type=hamstring is a hamstring autograft harvested from the patient,

patellar tendon is a patellar tendon autograft harvested from the patient, Hamstring (allograft) is a

hamstring graft harvested from a cadaver.
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Table 2. Means (+ Standard Deviation) in
Newtons for dynamic postural stability indices
(Medial-lateral, Anterior-Posterior, Vertical and

Total) in the non-surgical and surgical legs for
Anterior Cruciate Ligament Reconstructed partici-
pants while landing during a single-leg hop test

Non-surgical Leg Surgical Leg

Medial-Lateral (N)* 19.66 + 4.81* 25.78 +5.72*

Anterior-Posterior (N)*  162.87 + 12.49* 177.84 £ 11.93*

Vertical (N)* 401.79 £ 38.78* 457.45 + 50.40*

Dynamic Postural
Stability Index Total
(N)*

*Indicates statistically significant differences (p<0.05)

435.72 £39.18* 494.90 +50.11*

task that mimics sport. The testing protocol in the
current study was similar to Sell'> who compared the
standard deviation in force platform static variables
of force with eyes open and closed to the DPSI in
healthy athletes during a barrier jump. However, the
mean total DPSI for the healthy subject’s dominant
leg in their investigation was 348 whereas in the cur-
rent study the mean of the uninjured limb was 436
indicating poorer dynamic postural control overall.

Similarly, Mohammadi et al.® studied the relation-
ship between static and dynamic postural stability in
athletes an average of eight months after ACL recon-
struction and reported differences in the surgical
limb compared to the uninjured limb and compared
to healthy controls for all parameters of postural sta-
bility including anterior-posterior and medial and
lateral amplitude and velocity. Furthermore, the
loading rates on the ACL reconstructed limb during
a drop landing was approximately 45% greater than
on the non-injured limb. These authors suggested
that presence of residual postural stability asymme-
tries may predispose athletes to future re-injury. Dif-
ferences in loading rates during dynamic tasks were
also reported by Pratt and Sigward' in subjects 6-24
months after ACL reconstruction during single leg
landing and running activities. The authors reported
that the surgical limb peak power absorption was
approximately 50% less than the uninjured limb and
suggested that the ACL reconstructed subjects may
be reluctant or unable to dynamically accommodate
the forces at the knee. Although knee loading pat-
terns were not specifically measured in the current

study, subjects demonstrated greater vertical com-
ponent of the DPSI which may indicate greater knee
stiffness. It is plausible that the demands required
during a single leg deceleration activity may be
too great for the ACL reconstructed limb and could
result in a landing pattern that is stiffer and require
increased dynamic postural movements from other
segments as the body attempts to stabilize the leg. To
address this, clinicians should consider incorporat-
ing exercises that require adaptation to various load-
ing variables such as during progressive plyometric
training during the rehabilitation of the ACL recon-
structed athlete. However, the relationship between
knee loading variables and postural stability during
dynamic activities requires further investigation.

Although time to stabilization has been used to pro-
vide information on dynamic postural stability and
motor control in populations effected by ACL injury
and functional ankle instability,>!*!"1® its relation-
ship to DPSI in the ACL population is currently
unknown. Intuitively, one would expect some rela-
tionship. However, in their comparison of dynamic
control measures in injured runners, Meardon et al.?
reported no differences in stability measures of the
injured limb using the star excursion test or TTS dur-
ing a single leg barrier jump but reported differences
in the vertical postural stability index and DPSI com-
posite scores. To date, there are no published studies
that have utilized the DPSI to assess dynamic postural
stability during single limb landing in the ACL recon-
structed sample. Because the DPSI includes a global
score as well as multiple directional force attenua-
tion components (anterior-posterior, medial-lateral
sway and vertical force), it may provide a compre-
hensive depiction of specific dynamic postural sway
deficits that the athlete utilized to absorb ground
reaction forces in landing. This may serve to better
guide decisions regarding an athlete’s readiness for
return to play. It appears that that these ACL recon-
structed participants had a poorer total DPSI as well
poorer outcomes during each component. However,
the cause and relevance of the directional component
differences are currently unknown and may be influ-
enced by individual differences in lower extremity
strength, calf flexibility, innate foot architecture and
previous injury history including chronic ankle insta-
bility which has previously been related to decreased
dynamic balance using TTS and DPSI measures.'**
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Changes in knee proprioception after ACL injury
and post reconstruction have been widely reported
within the literature.*>'#?22* The ACL mechanorecep-
tors are thought to provide direct afferent informa-
tion to the spinal cord and supraspinal area regarding
joint position, knee motion, and tissue deformation.>
Schutte et al.?? reported the neurologic composition
of the ACL include neural connections from the
ACL to the spinal cord and supraspinal areas. Fol-
lowing reconstruction of the ligament, restoration of
the sensory function may not fully recover. Young
et al.** found no evidence of mechanoreceptor rein-
nervation in reconstructed ACLs an average of 6.9
years after surgery. This lack of sensory input may
influence dynamic postural stability and movement
strategies in the ACL reconstructed athlete.

The most commonly described methods of measur-
ing knee proprioception are joint position sense and
threshold to detect movement.?-*” Despite the gen-
eral agreement regarding the loss of the propriocep-
tive mechanoreceptors from the native ACL after
ACL reconstruction, the validity of the current test-
ing strategies to measure this change continues to be
debated.?** % Relph and Herrington*** reported dif-
ferences in knee joint position sense as measured in
the ability to actively reproduce knee joint position
after passive positioning in two separate investiga-
tions while Littmann et al.?* reported no difference
after ACL reconstruction. In a meta-analysis of pro-
prioception acuity measures following ACL injury,
Gokeler et al.?” concluded that there is limited evi-
dence that proprioceptive deficits as detected by
the commonly used tests adversely affect function
in subjects returning to sports. Likewise, Relph and
Herrington® reported that the minor differences
in knee proprioceptive sense may not influence
performance or the likelihood of a second injury.
Therefore, the application of the DPSI to the ACL
population may provide a more clinically relevant
assessment tool that could provide a link between
biomechanical and neurosensory characteristics in
a more dynamic and challenging environment.

The relationship between ACL re-injury and some
aspects of postural stability have been previously
examined. Paterno et al.?, reported that individuals
with residual balance deficits in their surgical knee
as compared to the non-surgical limb were twice

as likely to sustain a second injury to the ACL as
compared to those without postural differences.
Their study used a Biodex Balance System to evalu-
ate unilateral postural stability while standing on a
force plate. Although this system uses a moveable
force platform, it still may be considered a more
static examination of postural sway with debatable
application or relationship to a more dynamic, sport-
specific task. Previous authors have also reported a
poor relationship between static and dynamic pos-
tural stability measures.'*'®?" Sell'* reported very
poor correlations (r= .05-.23) between static and
dynamic measures of postural stability in healthy
adults using a single leg balance test with eyes
open and eyes closed compared to the DPSI mea-
sures from a forward and lateral hop. In their study
of athletes with functional ankle instability, Ross et
al.'® reported poor to moderate reliability for ante-
rior-posterior (ICC=.32) and medial-lateral sway
(ICC=.60) during single leg standing while TTS fol-
lowing a single leg vertical jump in the same sub-
jects displayed either poor to moderate reliability
(ICC=.61) for anterior-posterior and .80 for medial-
lateral force components. Together, these findings
may suggest that assessing dynamic postural stabil-
ity during a dynamic task may be a more sensitive
means of determining balance deficits. However,
the relationship between the dynamic postural con-
trol indices and ACL re-injury certainly warrants fur-
ther investigation.

Participants in the present investigation displayed
greater vertical postural instability in the surgical
limb suggesting that the ACL reconstructed extrem-
ity was not able to attenuate the vertical ground
reaction force as well compared to the non-surgical
side. In addition to the sensorimotor adaptations that
presumably occur following ACL reconstruction,
changes in the ability to absorb the vertical ground
reaction forces may be related to alterations in lower
extremity joint moments and muscle activation pat-
terns that were not examined in the current study.
Numerous studies have reported changes in land-
ing patterns after ACL reconstruction.®**3* Lower
extremity asymmetries between limbs including
decreases in knee extension moments, changes in
peak vertical ground reaction forces and loading
rates have been well-documented in the ACL recon-
structed patient.*** Furthermore, these differences
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appear to persist for even 2-3.5 years post ACL recon-
struction.®* Although the relationship between
deficits in dynamic postural control and lower
extremity force production was not directly stud-
ied in the present investigation, it is plausible that
lower extremity compensatory mechanisms may
be required to achieve single limb stability due to
interruption of the normal sensorimotor planning
required for high level coordinated movements.
Nyland et al.* suggested that altered afferent feed-
back may result in the motor cortex propagating a
modified motor plan that is more reliant on proxi-
mal and distal segments such as the hip or ankle
complex. Compensatory movement patterns such as
excessive truncal movements, hip internal rotation,
increased knee valgus and decreased knee flexion
angles may be present during landing as the proxi-
mal stabilizers are required greater role in dynamic
stability.*303637 Altered sensorimotor programming
may also influence the ability of the surgical limb to
generate force and power production that are nec-
essary during athletic activities. A stiffer landing
pattern due to deficits in quadriceps or hamstring
recruitment or greater reliance of the gastrocnemius
during jumping may be observed in athletes as they
transition to sports-related activities.>3*3337-%0 Daji et
al.® also reported decreases in knee joint moments
in ACL reconstructed subjects, suggesting that these
changes may be attributed to deficits in dynamic
strength, muscle inhibition, altered neuromuscu-
lar function or fear avoidance beliefs. These factors
may influence an athlete’s ability to return to a pre-
vious level of sport and play a role in the incidence
of'a second ACL.

Myer et al.® compared the effects of plyometric
versus dynamic stabilization balance training on
power, balance, and landing force in healthy female
athletes. They reported that both types of training
programs are effective at increasing measures of
neuromuscular power by improvements in verti-
cal jump performance (approximately 4 centime-
ters in the balance group and 2.5 centimeters in
the plyometric group), and an average increase of
11.6% greater torque of the knee flexors measured
isokinetically. However, differences were shown in
lower extremity force attenuation in the dominant
leg with the balance group having a 7% decrease in
impact force whereas the plyometric group had a

7.6% increase. Both training groups demonstrated a
decrease in medial-lateral single leg sway after land-
ing from a single leg hop with their dominant leg.
These authors suggested that the absence of balance
and dynamic control activities where subjects are
required to control their landing may have had influ-
ence on force dissipation during single limb land-
ing.? In the present study, the relationship between
DPSI and the surgical limb’s ability to generate the
power performance measures important to sports
performance was not examined. The persistence of
limb differences in dynamic postural stability may
predispose ACL reconstructed athletes to re-injury
and should likely need to be considered when deter-
mining readiness for a full return to sport. Further-
more, the relationship between the DPSI and athletic
performance factors important for the return to play
appears to warrant future investigation.

CONCLUSION

The results of the present investigation indicate that
deficits in dynamic postural control as measured
during a single limb landing persist in ACL-recon-
structed limbs compared to the non-surgical limb
after the clearance for full activity. These deficits
may lead to abnormal landing patterns that may
place the athlete at risk for re-injury. These findings
appear to support the assessment of dynamic pos-
tural control measures prior to the return to sport.
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